NCI is a server for the identification of non-canonical interactions in protein structures. These interactions, which include N-HÁÁÁp, C a
INTRODUCTION
A delicate balance between a variety of weak and strong noncovalent interactions contributes to the stability of proteins. Although hydrogen bonds (1-3), salt bridges (4, 5) and hydrophobic interactions (6, 7) are considered to be the major determinants of structural stability, in recent years noncanonical interactions have been shown to be of much greater importance than previously thought, particularly those interactions in which the p ring system serves as a hydrogen bond acceptor.
These non-canonical interactions involving the p ring system as hydrogen bond acceptor were first described by Wulf et al. (8) through spectroscopic analysis of small molecules and subsequently in peptides by McPhain and Sim (9) . The occurrence of C a -HÁÁÁO¼C hydrogen bonds were documented by Sutor (10) and later studied in great detail by Desiraju and Steiner (11) . Even though these non-canonical interactions were discovered a long time ago, their importance was not immediately appreciated. Only in recent years have they been implicated to serve as an additional stabilizing factor in beta sheets (12) , helix termini (13), helices containing proline residues (14) , packing of transmembrane helices (15) , collagen (16) and DNA (17) .
Further investigations by various research groups have established the role of non-canonical interactions in a variety of functions such as ligand recognition (18) , DNA recognition (19) , enzymatic action (20) , stabilization of secondary structures (21) and protein-protein complexes (22) . Theoretical ab initio calculations have also been performed (23) (24) (25) (26) and have shown that the energy of these non-canonical interactions is less than the energy of a conventional hydrogen bond. However, since these interactions can occur more frequently than regular hydrogen bonds, they may well contribute to the protein's stability to the same extent as standard hydrogen bonds (22) .
With the availability of a number of high-resolution structures in the Protein Data Bank (PDB), there have been large-scale studies performed on specific interactions to get insight into their prevalence in protein structures and to establish the geometric criteria required to identify them. Recently, Steiner and Koellner (27) have performed a comprehensive survey on the occurrence of such noncanonical hydrogen bonds involving p acceptors in proteins and analysed recurrent structural patterns involving these interactions. Other studies by Derewenda et al. provide a similar insight into the occurrence of C a -HÁÁÁO¼C, cation-p and C a -HÁÁÁp interactions in protein structures. In this article, I describe a tool called NCI which uses previously published geometric criteria to identify these non-canonical interactions for a given PDB (32) or Structural Classification of Proteins database (SCOP) domain (33, 34) coordinate file. It makes sense to calculate non-canonical interactions for structures solved at 2.5 Å resolution or better. Figure 1 illustrates the geometric parameters that are commonly used to identify such interactions.
INPUT DATA AND NCI PARAMETERS
Input to the NCI server is either: (i) a PDB identifier; (ii) a SCOP domain identifier; or (iii) an uploaded peptide/protein *To whom correspondence should be addressed. Tel: þ44 1223402041; Fax: þ44 1223213556; Email: madanm@mrc-lmb.cam.ac.uk coordinate file in PDB format. NCI provides the option of identifying up to eight types of non-canonical interactions in the current version. These include three main chain-side chain interactions (N-HÁÁÁp, C a -HÁÁÁp and C a -HÁÁÁO¼C) and five side chain-side chain interactions [Arg-N-HÁÁÁp, Lys-N-HÁÁÁp, Pro-C d -HÁÁÁp, Cys-S-HÁÁÁp and (Ser, Thr, Tyr)-O-HÁÁÁp]. Each interaction can be identified according to four geometric criteria and the user has the option of adjusting these parameters. Default values are shown in Table 1 which also includes references to articles in which individual interactions are described in full detail.
OUTPUT FROM NCI
The output of the NCI server is available in four different formats:
1. An HTML table ( Fig. 2A) (Fig. 2B ) in which the protein is displayed in cartoon representation and residues involved in specific interactions are colored differently and displayed in The aromatic ring system is represented as a hexagon. In the case of Trp, two ring systems, a five-member and a six-member ring system, are considered separately. The donor group is represented as X-H, where X can be main chain C a , N atom or side chain N atom of Arg, Lys, S atom of Cys and O atom of Thr, Ser and Tyr. p m represents the ring mid-point and the vector p n represents the normal to the plane of the ring. P 1 and P 2 are distances from X and H to p m respectively. P 3 is the angle between vectors X-H and H-p m and P 4 is the angle between the vectors X-p m and the ring normal, p n . (B) Parameters used to identify C a -HÁÁÁO¼C interactions. P 1 and P 2 are distances from C a , H a to the main chain carbonyl O. P 3 and P 4 are the angles C-HÁÁÁO and HÁÁÁO¼C, respectively. Default values used to identify interactions based on these definitions are provided in Table 1 . Fig. 1 for details) . 4 p n represents the vector, normal to the plane of the ring (refer to Fig. 1 for details) .
'stick' representation. Both the RasMol script and the file including coordinates of the added hydrogen atoms can be downloaded for further analysis. 4. A schematic interaction matrix (Fig. 2C ) that represents the interactions in a color-coded form. This can be used to visualize the results at a glance. It also provides a means to immediately identify residues that are involved in multiple interactions.
IMPLEMENTATION AND ORGANIZATION
The program to compute non-canonical interactions uses atom information and coordinate data in the structure file to calculate various distance and angle parameters ( Fig. 1 and Table 1 ), based on the values for the parameters as chosen by the user. The program is written in PERL and the web interface has been implemented using CGI-PERL. The NCI server also makes use of two previously published programs called 'REDUCE' (36) (to fix the positions of hydrogen atoms in the coordinate file) and 'matrix2png' (37) (to create the colorcoded interaction matrix). The program also marks residues that make bad contacts in the structure (due to poor refinement or disordered regions) according to the output of the REDUCE/clashlistcluster (36) 
CONCLUSIONS AND FUTURE DIRECTIONS
Non-canonical interactions play an important role in stabilizing protein structures and protein-protein interfaces. The NCI server is a useful tool for identifying such interactions in old and new structures. Its results can be used for a variety of purposes, ranging from rational design of mutagenesis experiments to the analysis of conservation of interactions in protein families and at functional sites. Future additions to the server will include identification of non-canonical interactions at protein-DNA and protein-ligand interfaces, pre-computed results for all SCOP domains and PDB structures and the possibility to perform large-scale analyses on related proteins.
